INTRODUCTION
============

Bovine ephemeral fever, also known as bovine influenza, was first recorded in the late 19th century \[[@B1][@B2]\]. It can produce acute febrile illness in cattle and water buffalo, leading to economic losses through the associated acute high fever, muscle stiffness, and a decrease in milk production \[[@B3][@B4]\]. Its causative agent is the bovine ephemeral fever virus (BEFV), which is a member of the genus *Ephemerovirus* in the family *Rhabdoviridae*. BEFV is an enveloped, negative-sense, single-chain RNA virus \[[@B5]\]. The viral genome consists of five constitutive proteins contained as 3′-N-P-M-G-L-5′, as well as six non-structural proteins: G~NS~, α1, α2, α3, β, γ \[[@B1][@B6]\]. Among those viral proteins, the matrix (M) protein has a mass of about 27 kDa and consists of 224 amino acids. It is a lipid bi-layer inner membrane protein encoded by the M gene and is distributed between viral the envelope and the nuclear capsid. It is an important component of the viral particles of the *Rhabdoviridae*, and the functions of M proteins of other viruses have been studied in rabies virus (RABV) \[[@B7]\] and vesicular stomatitis virus (VSV) \[[@B8]\]. Nevertheless, there are no previous reports on the function of the M protein of BEFV.

Annexins are calcium or phospholipid-binding molecules that exist mainly in eukaryotes \[[@B9][@B10]\]. Annexin A2 (AnxA2), also called calpectin 1 or Annexin II, is a member of the Annexin family \[[@B11][@B12]\] that is involved in endocytosis, exocytosis \[[@B13]\], the organization of membrane domains, extracellular receptor activity \[[@B14]\], vesicular trafficking \[[@B15]\], cell proliferation \[[@B16][@B17]\], protein assembly \[[@B12][@B18]\], and tumor cell invasion. AnxA2 is has a mass of approximately 40 kDa and is comprised of 340 amino acids. Like other members of the Annexin family, AnxA2 has a volatile N-terminal domain and a conserved C-terminal protein core \[[@B9]\]. Furthermore, the N-terminal domain includes an S100A10 site and phosphorylation sites \[[@B19][@B20]\]. The C-terminal contains four highly homologous domains (named II--V) of 70--80 amino acids, which together produce a closely packed bending structure with concave and convex edges \[[@B21]\]. AnxA2 is reported to be associated with mRNAs at the C-terminal \[[@B22][@B23]\] and comprises a combining site for F-actin, plasminogen, and heparin \[[@B12]\]. Recently, AnxA2 has been reported to be associated with the life cycles of multiple viruses including cytomegalovirus (CMV) \[[@B24][@B25]\], hepatitis C virus (HCV) \[[@B26]\], influenza A virus (IAV) \[[@B27][@B28]\], and others \[[@B29][@B30]\]. However, the function of the AnxA2 gene in the life cycle of *Rhabdoviridae* viruses has not been described.

In this study, we investigated whether endogenous AnxA2 gene expression was affected during BEFV infection and whether the AnxA2 gene had a significant effect on virus replication. In addition, the role of the BEFV M gene on virus proliferation was explored. Also, the relationship between the AnxA2 and M proteins was examined to determine whether there is an interaction between the two proteins and determine the specific domain of such interaction. Furthermore, the mechanism of AnxA2 protein promotion of viral proliferation in terms of the membrane localization of M protein was preliminarily studied.

MATERIALS AND METHODS
=====================

Cells and virus
---------------

Baby hamster kidney (BHK-21) cells and human embryonic kidney 293 (HEK-293T) cells were grown in Dulbecco\'s modified Eagle medium (DMEM, Gibco, USA) containing 10% fetal bovine serum (FBS, Gibco), 100 U/mL penicillin G, and 100 mg/mL streptomycin sulfate (Gibco). The cells were cultured in an atmosphere containing 5% CO~2~ at 37°C. At 80%--90% confluency, BEFV (Shandong/China/2011) were infected into BHK-21 cells at a multiplicity of infection (MOI) of 0.1 and fostered in DMEM containing 2% FBS.

Plasmid construction
--------------------

A recombinant plasmid including the M gene with the HA-tag sequence was constructed using a pcDNA3.1(+) vector. Briefly, the full-length M gene of BEFV was amplified by RT-PCR and RNA of BEFV was extracted by using Trizol reagent (Invitrogen, USA). Finally, the M gene was constructed into the pcDNA3.1-HA vector with the HA-tag sequence at the N-terminal and the construct was named pcDNA3.1-HA-M.

Recombinant plasmids including the AnxA2 gene and its mutants with the Flag-tag sequence were constructed using the pcDNA3.1 and pLVX-IRES-Puro vectors, respectively. The total cellular RNA was obtained from BHK-21 cells using Trizol reagent (Invitrogen). The Thermo Scientific RevertAid First Strand cDNA Synthesis kit (Thermo Scientific, USA) was used for reverse transcription \[[@B31]\]. The AnxA2 gene was amplified with AnxA2 primers including the Flag-tag sequence at the C-terminus ([Table 1](#T1){ref-type="table"}). The AnxA2 fragment was then constructed into the pcDNA3.1 and pLVX-IRES-Puro vectors, and the recombinant plasmids obtained were named pcDNA3.1-AnxA2-Flag and pLVX-AnxA2-Flag-IRES-Puro, respectively. According to previous descriptions \[[@B32][@B33]\], the structural domains of AnxA2 from the N-terminal to the C-terminal were as follows ([Table 1](#T1){ref-type="table"}): AnxA2-I (1-36 aa), AnxA2-II (37-102 aa), AnxA2-III (108-174 aa), AnxA2-IV (192-259 aa), and AnxA2-V (268-334 aa). Accordingly, five AnxA2 mutant plasmids of expressing the Flag-tag sequence and lacking the corresponding domains were constructed into pcDNA3.1 and named AnxA2-ΔI, AnxA2-ΔII, AnxA2-ΔIII, AnxA2-ΔIV, and AnxA2-ΔV, respectively. In addition, the C-terminal domain of AnxA2 was divided into AnxA2-C1 (37-186 aa) and AnxA2-C2 (187-340 aa). Two AnxA2 mutant plasmids expressing the Flag-tag sequence were cloned into pcDNA3.1 and named AnxA2-C1 and AnxA2-C2, respectively. Finally, the recombinant plasmids were confirmed by DNA sequencing. After the recombinant vectors were successfully constructed, the expression of proteins was assessed following transfection of HEK-293T cells.

###### List of primers used to create AnxA2-WT and AnxA2 deletion mutants

![](jvs-21-e33-i001)

  Primer name    Sequence (5′-3′)                                                                    Application
  -------------- ----------------------------------------------------------------------------------- --------------------------------------------------
  AnxA2-WT-F     CGC**GGATCC**GCCACCATGTCTACCGTTCATGAAATTC                                           Construct recombinant plasmids of pLVX-IRES-Puro
  AnxA2-WT-R     CCG**GAATTC**TCA[CTTGTCATCGTCGTCCTTGTAATC]{.ul}GTCATCCCCACCACACAGG                  
  AnxA2-ΔI-F     CGC**GGATCC**GCCACCATGCGGGATGCTCTGAACATTG                                           Construct recombinant plasmids of pcDNA3.1(+)
  AnxA2-ΔI-R     CCG**GAATTC**TCA[CTTGTCATCGTCGTCCTTGTAATC]{.ul}GTCATCCCCACCACACAGG                  
  AnxA2-ΔII-R    AGCAGGTGTTTTCAACTCAGCATCAAAGTTAGTG                                                  
  AnxA2-ΔII-F    AACTTTGATGCTGAGTTGAAAACACCTGCTCAGT                                                  
  AnxA2-ΔIII-F   AAAACACCTGCTCAGGCAAAGGGTCGGAGAGCAG                                                  
  AnxA2-ΔIII-R   TCTCCGACCCTTTGCCTGAGCAGGTGTTTTCAAT                                                  
  AnxA2-ΔIV-F    TATGAACTGATTGACGTTCAGTGCATTCAGAACA                                                  
  AnxA2-ΔIV-R    CTGAATGCACTGAACGTCAATCAGTTCATAATCA                                                  
  AnxA2-ΔV-F     CGC**GGATCC**GCCACCATGTCTACCGTTCATGAAATTC                                           
  AnxA2-ΔV-R     CCG**GAATTC**TCA[CTTGTCATCGTCGTCCTTGTAATC]{.ul}GTCATCCCCACCACACAGGGGCTTGTTCTGAATG   

Bold letters indicate the restriction endonuclease enzyme cutting sites; Underlined letters indicate the Flag-Tag sequence.

AnxA2, annexin A2; WT, wild type; F, forward; R, reverse.

Detection of AnxA2 mRNA levels by real-time qPCR
------------------------------------------------

The AnxA2 mRNA levels were examined by performing real-time qPCR as described previously \[[@B34]\]. Briefly, BHK-21 cells were infected with BEFV at an MOI of 0.1, and the cells were collected after 6 h, 12 h, 24 h, and 48 h post-infection (hpi). Cellular RNA was extracted from cell samples by using the RNA prep Pure Cell kit (Qiagen, USA) \[[@B35]\]. The total RNA was reversed transcribed using the Prime Script RT reagent kit (TaKaRa, Japan). SYBR green-based real-time qPCR was conducted using a Premix Ex Taq kit (Japan). The expression of AnxA2 mRNA was detected by a Roche Light Cycler 480 Real-Time PCR System (Roche Applied Science, Germany). The threshold cycle (Ct) value associated with the RNA levels of each objective gene was standardized to the GAPDH expression level, and the relative expression of each specimen was analyzed by applying the previously described 2^-ΔΔCt^ method \[[@B36]\].

Analysis of AnxA2 protein expression by western blotting
--------------------------------------------------------

The infection of BHK-21 cells with BEFV was performed at an MOI of 0.1, and cell samples were collected at 12, 24, 36, and 48 hpi. The obtained samples were subjected to 12.5% SDS gel electrophoresis and the gel products shifted to PVDF membranes. The spots were sealed with TBST containing 8% skim milk powder. Anti-AnxA2 antibody (Santa Cruz Biotechnology) was diluted by 1:2,000, and anti-β-actin antibody (Abways, China) was used at a fluxing dilution of 1:10,000. In accordance with the manufacturer\'s agreement, an enhanced chemiluminescence reagent was used to visualize the membranes.

Establishing of stable-expression AnxA2 gene cell lines
-------------------------------------------------------

To establish cell lines that stably express AnxA2, the AnxA2 recombinant plasmid pLVX-AnxA2-IRES-Puro was transfected into BHK-21 cells as previously described \[[@B37]\]. The pLVX-IRES-Puro plasmid was transfected into BHK-21 cells as the control. The treated cells were planted in fresh medium and sifted for puromycin (2--5 μg/mL) every 3--4 days until monoclonal colonies were acquired. Subsequently, monoclonal puromycin-resistant colonies were selected, AnxA2 gene expression in the two cell lines was tested by western blot analysis using anti-Flag rabbit antibody (Cell Signaling Technology, USA) and anti-AnxA2 mouse antibody, respectively (Santa Cruz Biotechnology, USA). An AnxA2-overexpressing cell line (BHK-AnxA2) and a control cell line (BHK-NC) were successfully constructed \[[@B38]\].

Small interfering RNA (siRNA) analysis
--------------------------------------

In order to reduce endogenous AnxA2 gene expression in BHK-21 cells, the siRNAs targeting the AnxA2 gene and the negative control sequences were designed and compounded by Biomics Biotechnology (China). The siRNA sequences with the deoxythymidine dinucleotide (dTdT) overhangs are summarized in [Table 2](#T2){ref-type="table"}. Effective siRNA-AnxA2 targeting the AnxA2 gene (siAnxA2) and scrambled siRNA used as a control of AnxA2 siRNA were transfected into BHK-21 cells at the 50 nM level using Attractene Transfection Reagent (Qiagen, Germany) until obtaining a confluence of 80% in 6-well plates, respectively. The knock-down efficiency of the AnxA2 gene based on siRNA analysis was confirmed by western blot analysis.

###### List of primers used during knock-down of the AnxA2 gene

![](jvs-21-e33-i002)

  Primer name               Sequence (5′-3′)          Application
  ------------------------- ------------------------- --------------------------
  AnxA2-siRNA-1             CCCUGUACUACUAUAUUCAdTdT   Knock-down of AnxA2 gene
  UGAAUAUAGUAGUACAGGGdTdT                             
  AnxA2-siRNA-2             GAGUCUACAAGGAAAUGUAdTdT   
  UACAUUUCCUUGUAGACUCdTdT                             
  AnxA2-siRNA-3             GUCAAAGCGUACACUAACUdTdT   
  AGUUAGUGUACGCUUUGACdTdT                             
  AnxA2-siRNA-4             GUGAAGUGGACAUGUUGAAdTdT   
  UUCAACAUGUCCACUUCACdTdT                             
  siNC                      UUCUCCGAACGUGUCACGUdTdT   
  ACGUGACACGUUCGGAGAAdTdT                             

AnxA2, annexin A2; siRNA, small interfering RNA; siNC, scrambled siRNA used as a negative control for AnxA2 siRNA.

Co-immunoprecipitation (Co-IP) assay
------------------------------------

BHK-21 cells were placed in 10 cm plates and transfected with pcDNA3.1-HA-M and pcDNA3.1-AnxA2-Flag or pcDNA3.1-HA-M and pcDNA3.1-Flag. In addition, BHK-21 were transfected with pcDNA3.1-HA-M and the corresponding recombined plasmids expressing the AnxA2 mutants. Prior to performing Co-IP assays, cell samples were collected 24 h post-transfection (hpt) and washed three times with phosphate buffer saline (PBS). The Co-IP assays were performed using an immunoprecipitation kit (Thermo-Fisher, USA) according to a previously described procedure \[[@B33]\]. Finally, after lysis buffer splitting of the samples, the protein samples were detected by western blotting. The obtained membranes were combined with anti-Flag rabbit antibody (Cell Signaling Technology, USA) or anti-HA antibody (Cell Signaling Technology).

GST pull-down assay
-------------------

Optimized fusion expression of the M protein has been confirmed in our laboratory. Initially, the GST fusion protein (pGEX-4T-1-M) was expressed in *Escherichia coli* BL21 cells by culturing them at 37°C in medium containing 100 mg/L ampicillin. When the OD600 reached 0.6, 1 mM IPTG was added and the cells held at 25°C overnight with shaking. Sediments were collected after centrifugal separation at 4°C. Precipitation was suspended by using a lysis buffer followed by sonication. The GST-M purity was assessed by performing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

The recombinant plasmid pcDNA3.1-AnxA2-Flag was transfected into BHK-21 cells for 24 h and collected in centrifuge tubes, and add lysate. The lysis supernatant was incubated with beads of purified GST-M overnight at 4°C with gentle shaking. After washing three times with PBS, the final protein samples were separated from the GST-M beads and boiled in 5 × SDS loading buffer. Subsequently, the samples along with rabbit anti-Flag antibody (Cell Signaling Technology, USA) underwent western blot analysis.

Plasma membrane separation assay
--------------------------------

BHK-21 cells were transfected with vector (pcDNA3.1) alone or pcDNA3.1-HA-M and pcDNA3.1 or pcDNA3.1-HA-M and pcDNA3.1-AnxA2-Flag, and at 24 hpt, transfected cells were collected and washed with PBS. Samples were harvested via low-temperature low-speed centrifugation and were cleaned by using cold PBS. The cytoplasmic and plasma membrane (PM) protein components were separated and collected by using the Minute^TM^ Plasma Membrane Protein Isolation and Cell Fractionation kit (Invent Biotechnologies, USA) \[[@B39]\]. The amounts of protein in the cytoplasm and the PM were determined by western blot analysis with the addition of β-actin (Abways) and Na/K ATPase (Abways) antibodies.

Statistical analyses
--------------------

Data were analyzed by using the tests within Graph Pad Prism software (version 8.0; USA). Statistical significance was estimated by using two-way variance analysis and multiple comparison tests. Multiple samples were assessed by performing one-way analysis of variance. The results are expressed as average values ± SD obtained from at least three independent experiments. A *p* value lower than 0.05 was considered statistically significant, and a *p* value below 0.01 was considered highly significant.

RESULTS
=======

BEFV infection up-regulates AnxA2 gene expression in BHK-21 cells
-----------------------------------------------------------------

The AnxA2 gene\'s involvement in infections by some viruses has been previously reported. For the current investigation into whether BEFV infection influences AnxA2 gene expression, the AnxA2 gene expression level was examined in BHK-21 cells during BEFV infection. BHK-21 cells infected with BEFV or mock-infected (as a control) were collected at 12, 24, and 48 hpi, and total RNA was extracted. Subsequently, the mRNA of the AnxA2 gene was detected by performing real-time qPCR. As shown in [Fig. 1A](#F1){ref-type="fig"}, the AnxA2 mRNA level increased at different times compared to those of the control cells, especially at 48 hpi thus indicating that the AnxA2 mRNA level increased after virus infection. To further examine the expression of AnxA2 protein in BHK-21 cells, BEFV-infected BHK-21 cells were harvested at 12, 24, 36, and 48 hpi. AnxA2 proteins underwent western blot analysis and the results showed that AnxA2 protein expression was increased at 24, 36, and 48 hpi ([Fig. 1B](#F1){ref-type="fig"}). In conclusion, the results suggest that BEFV infection increases the expression of the AnxA2 gene in BHK-21 cells.

![BEFV infection up-regulates AnxA2 gene expression in BHK-21 cells. (A) AnxA2 gene expression levels in BHK-21 cells infected with BEFV at an MOI of 0.1 at 12, 24, and 48 hpi were determined by performing real-time qPCR with β-actin used as the standard. Data indicate the relative fold-change from the control cells. The average values ± SD were determined from three independent experiments. (B) AnxA2 protein expression in BHK-21 cells mock-infected or infected with BEFV at an MOI of 0.1 at 12, 24, 36, and 48 hpi determined by western blotting with anti-AnxA2 antibody and β-actin used as the control.\
AnxA2, annexin A2; BEFV, bovine ephemeral fever virus; MOI, multiplicity of infection; hpi, hours post infection; qPCR, quantitative polymerase chain reaction.\
^\*\*^*p* \< 0.01.](jvs-21-e33-g001){#F1}

AnxA2 gene promotes BEFV replication in BHK-21 cells
----------------------------------------------------

To study the role of the AnxA2 gene in BEFV replication, cell lines that stably overexpressed the AnxA2 gene (BHK-AnxA2) were established. In addition, the corresponding negative control cell lines (BHK-NC) were successfully constructed. As shown in [Fig. 2A](#F2){ref-type="fig"}, expression of AnxA2 protein was successfully detected by western blot analysis using anti-Flag and anti-AnxA2 antibodies. The BHK-AnxA2 and BHK-NC cell lines were infected with BEFV and cell supernatants collected at 48 hpi. The results showed that the virus titer obtained in the BHK-AnxA2 cell supernatant was 3-fold higher than that in the BHK-NC control cells ([Fig. 2B](#F2){ref-type="fig"}). Therefore, the results show that overexpression of the AnxA2 gene may promote virus replication.

![AnxA2 gene expression promotes BEFV replication in BHK-21 cells. (A) The expression levels of AnxA2 protein in a stable AnxA2 overexpression cell line (BHK-AnxA2) and the negative control cell line (BHK-NC) were assayed by western blotting with anti-AnxA2 and anti-Flag antibody; β-actin was used as the control. (B) BHK-AnxA2 and BHK-NC cells were inoculated with BEFV at an MOI of 0.1 for 48 h, and the resulting titers in the supernatant of BEFV-infected cells were determined by TCID~50~ assay. The mean and standard deviation values were determined from three independent experiments. (C) The knock-down efficiency of AnxA2-siRNA in BHK-21 cell lines was examined by western blot analysis with anti-AnxA2 antibody and control siRNA with β-actin as the internal control. (D) SiAnxA2 and siNC were infected with BEFV at an MOI of 0.1 for 48 h and the release of progeny virus particles in cell supernatants was assessed. The data are average and SD values obtained from three independent experiments.\
AnxA2, annexin A2; BEFV, bovine ephemeral fever virus; MOI, multiplicity of infection; siRNA, small interfering RNA; siNC, scrambled siRNA for AnxA2; siAnxA2, effective siRNA-AnxA2 targeting the AnxA2 gene; NC, negative control; TCID~50~, median tissue culture infective dose.\
^\*^*p* \< 0.05; ^\*\*^*p* \< 0.01.](jvs-21-e33-g002){#F2}

To further investigate the role of the AnxA2 gene on BEFV growth, AnxA2-specific siRNA (siAnxA2) and control siRNA (siNC) were transfected into BHK-21 cells ([Table 2](#T2){ref-type="table"}). As shown in [Fig. 2C](#F2){ref-type="fig"}, siAnxA2 significantly inhibited AnxA2 gene expression compared to that of the control siRNA. Accordingly, siAnxA2 and siNC cells were infected with BEFV and cell supernatants were gathered at 48 hpi. Virus titers in the cell supernatant of siAnxA2-infected cells were markedly lower than those in the siNC cells ([Fig. 2D](#F2){ref-type="fig"}). These results show that knock-down of expression of AnxA2 markedly decreases virus yield.

In short, these results indicate that the AnxA2 gene can, as a cellular factor, promote the production of BEFV particle progeny.

BEFV M gene promotes virus replication in BHK-21 cells
------------------------------------------------------

It has been reported that the VSV M protein can promote virus release \[[@B8]\]. However, it is unclear whether the BEFV M protein can promote the release of the virus. The pcDNA3.1-HA-M and control vectors were separately transfected into BHK-21 cells. At 24 hpt, expression of the M protein was detected by western blot analysis ([Fig. 3A](#F3){ref-type="fig"}). The vector-transfected cells were then infected with BEFV. Cell supernatants and total cell precipitations were collected at 48 hpi. Interestingly, compared with the vector control, the virus titer of the transfected pcDNA3.1-HA-M cells in the cell supernatant was significantly increased ([Fig. 3B](#F3){ref-type="fig"}), whereas, the virus titers of the total cell precipitates exhibited no significant change ([Fig. 3C](#F3){ref-type="fig"}). Therefore, it is surmised that M protein presence promotes BEFV proliferation, especially the release of mature virus particles.

![The M gene promotes BEFV replication in BHK-21 cells. (A) pcDNA3.1-HA-M and the vector control were transfected separately into BHK-21 cells. At 24 hpt, the expression of M protein was assayed by western blotting with rabbit anti-HA. (B) BHK-21 cells were transfected with pcDNA3.1-HA-M and the vector control at 24 hpt and infected with BEFV at an MOI of 0.1. After 48 hpi, cell supernatants were collected and assayed by determining TCID~50~. (C) Cell precipitates were collected and assayed by determiningTCID~50~.\
M, matrix; BEFV, bovine ephemeral fever virus; MOI, multiplicity of infection; hpi, hours post infection; TCID~50~, median tissue culture infective dose.\
^\*\*^*p* \< 0.01.](jvs-21-e33-g003){#F3}

AnxA2 protein interacts with BEFV M protein in BHK-21 cells
-----------------------------------------------------------

The above results show that BEFV infection up-regulates AnxA2 gene expression. In addition, both the AnxA2 and M proteins can promote BEFV replication in BHK-21 cells. Therefore, the relationship between the AnxA2 and M proteins was examined by performing GST pull-down assays. GST-M was purified, the AnxA2 gene was transfected into BHK-21 cells, and at 24 hpt, cells were collected and the cell pyrolysis product precipitated with GST-tagged fusion proteins (GST-M). The results showed that the AnxA2 protein does interact with the BEHV M protein ([Fig. 4A](#F4){ref-type="fig"}). Subsequently, the interaction between AnxA2 and M proteins was further confirmed by performing Co-IP, in which pcDNA3.1-AnxA2-Flag and pcDNA3.1-HA-M were co-transfected in BHK-21 cells. The Co-IP was performed with anti-HA, and the AnxA2 protein was detected in a co-transformation complex by using the anti-Flag antibody ([Fig. 4B](#F4){ref-type="fig"}). Collectively, the results show that the AnxA2 protein was responsible for successful interactive binding with the M protein.

![AnxA2 interacts with bovine ephemeral fever virus M protein in BHK-21 cells. (A) AnxA2 interaction with M assessed by GST pull-down assay. GST or GST-M fusion protein was combined with BHK-21 cell lysates expressing pcDNA3.1-AnxA2-Flag. GST and GST-M were combined with Beaver Beads (GSH). After washing, proteins were eluted from the beads and detected by performing sodium dodecyl sulfate polyacrylamide gel electrophoresis. The presence of AnxA2 was tested by immune-blotting with rabbit anti-Flag. The expression of GST and GST-M was determined by immunoblotting with rabbit anti-GST. (B) The interaction between AnxA2 and M proteins was identified by performing co-immunoprecipitation assays. BHK-21 cells were co-transfected with pcDNA3.1-AnxA2-Flag and pcDNA3.1-HA-M. At 24 hpt, whole-cell lysates were immunoprecipitated with the anti-HA antibody. Subsequently, the complex underwent western blot analysis using specific antibodies (anti-HA and anti-Flag) as indicated.\
AnxA2, annexin A2; M, matrix.](jvs-21-e33-g004){#F4}

Identification of the binding domains of AnxA2 that interacts with M protein in BHK-21 cells
--------------------------------------------------------------------------------------------

Since an interaction between the AnxA2 and M proteins had been detected ([Fig. 4A and B](#F4){ref-type="fig"}), and because AnxA2 is a multi-domain protein, the AnxA2 protein was divided into five domains in order to determine the AnxA2 combination region involved in the M--AnxA2 interaction ([Fig. 5A](#F5){ref-type="fig"}). The five domains of AnxA2 from the N-terminal to the C-terminal were determined, constructed, and named AnxA2-ΔI, AnxA2-ΔII, AnxA2-ΔIII, AnxA2-ΔIV and AnxA2-ΔV. The associated plasmids and vector controls were co-transfected with pcDNA3.1-HA-M into BHK-21 cells for 24 h. The Co-IP assay results showed that M interacted with AnxA2-ΔI, AnxA2-ΔII, AnxA2-ΔIII, and AnxA2-ΔIV, but not with AnxA2-ΔV, which was a deletion of a 268--334 amino acid region ([Fig. 5B](#F5){ref-type="fig"}). These findings indicate that the AnxA2-V (268-334 aa) domain of AnxA2 is essential to the successful interaction of AnxA2 with M.

![Identification of the binding domains of AnxA2 that interact with M in BHK-21 cells. (A) A schematic map for predicting the domains of AnxA2 protein. The full-length AnxA2 protein and five truncated AnxA2 mutants were examined. (B) Analysis of the interaction between AnxA2 and M proteins by immunoprecipitation analysis. BHK-21 cells were transfected with the pcDNA3.1-Flag vector containing AnxA2 (WT or mutant) and pcDNA3.1-HA-M. At 24 hpt, the cell supernatant was co-immunoprecipitated using anti-HA and anti-Flag antibodies. Co-immunoprecipitation of the AnxA2--M interaction was tested by western blot analysis with anti-Flag and anti-HA antibodies. Cell lysates were separated by performing 12.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis and assessed by western blotting with anti-Flag and anti-HA antibodies. (C) Two truncated AnxA2 C-terminal mutants were constructed. (D) BHK-21 cells were transfected with pcDNA3.1-HA-M and AnxA2 (WT or mutant) or pcDNA3.1-Flag. Co-immunoprecipitation results for the AnxA2--M interaction were examined by western blot analysis with the anti-Flag antibody.\
AnxA2, annexin A2; M, matrix; WT, wild type; hpt, hours post transfection.](jvs-21-e33-g005){#F5}

To further examine the importance of AnxA2-V in the interaction between AnxA2 and M proteins, the C-terminal of AnxA2 was divided into two domains ([Fig. 5C](#F5){ref-type="fig"}). Two AnxA2 mutants were established with Flag-tag sequences (AnxA2-C1, AnxA2-C2). Two plasmids and the vector control were co-transfected with pcDNA3.1-HA-M into BHK-21 cells for 24 h. The Co-IP assay results showed that M interacted with AnxA2-C2, but not with AnxA2-C1 ([Fig. 5D](#F5){ref-type="fig"}). Therefore, the importance of AnxA2-V in the interaction between AnxA2 and M proteins was confirmed.

AnxA2 expression increases plasma membrane localization of M protein in BHK-21 cells
------------------------------------------------------------------------------------

To further elucidate the internal relationship between AnxA2 and M proteins, PM separation assays were performed to determine whether the level of M in cellular PM components would increase in the presence of AnxA2 rather than in the absence of AnxA2. BHK-21 cells were transfected with vector (pcDNA3.1), pcDNA3.1-HA-M and pcDNA3.1, or pcDNA3.1-HA-M and pcDNA3.1-AnxA2-Flag, separately, and both cytosol and PM components were collected and analyzed by western blot assays. NA/K ATPase and β-actin were used as the control compound in the PM and cytosol assays, respectively ([Fig. 6](#F6){ref-type="fig"}). As expected, the level of M protein was reduced in cells expressing AnxA2 compared to that in cells expressing only M in the cytosol ([Fig. 6](#F6){ref-type="fig"}, lanes 2 and 3). However, the levels of M in PM components were increased in cells expressing AnxA2 ([Fig. 6](#F6){ref-type="fig"}, lanes 5 and 6) compared to that in cells that only expressed M in the PM. Thus, the results show that AnxA2 gene expression may affect the location of M on the cell membrane.

![AnxA2 expression increases plasma membrane localization of M protein in BHK-21 cells. BHK-21 cells were transfected with vector (pcDNA3.1) alone, M + vector, or M + AnxA2 and at 24 hpt cells were collected, PM components separated, and western blotting performed. Na/K ATPase (Abways, China) was used as a control protein for the PM components, and β-actin (Abways) was used as a control for the cytosol fraction.\
AnxA2, annexin A2; M, matrix; hpt, hours post transfection; PM, plasma membrane.](jvs-21-e33-g006){#F6}

The V domain of the AnxA2 gene reduces generation of BEFV progeny virus in BHK-21 cells
---------------------------------------------------------------------------------------

AnxA2 protein interacts with the BEFV M protein, and AnxA2 influences virus proliferation by affecting the membrane localization of M. To verify whether AnxA2-V affects virus replication, plasmids, including pcDNA3.1-AnxA2-Flag, pcDNA3.1-AnxA2-ΔV-Flag and vector control, were transfected to BHK-21 cells for 24 h, and the cells were then infected with BEFV. Cell supernatants were collected at 48 hpi and analysis revealed that virus titers in pcDNA3.1-AnxA2-ΔV-Flag cells were markedly lower than those in pcDNA3.1-AnxA2-Flag cells. In addition, compared with the vector control, virus titers in the pcDNA3.1-AnxA2-ΔV-Flag cells were slightly decreased ([Fig. 7](#F7){ref-type="fig"}). In short, AnxA2-ΔV could not promote the proliferation of BEFV; therefore, the AnxA2-V domain of the AnxA2 gene is essential to BEFV proliferation.

![The V domain of the AnxA2 gene reduces the generation of BEFV progeny virus particles in BHK-21 cells. BHK-21 cells were transfected with vector control, AnxA2 + vector, or AnxA2-ΔV + vector, and then infected with the virus at a multiplicity of infection of 0.1 for 48 h. The supernatant titers of the BEFV-infected cells were determined by performing TCID~50~ assays.\
AnxA2, annexin A2; BEFV, bovine ephemeral fever virus; TCID~50~, median tissue culture infective dose.\
^\*^*p* \< 0.05; ^\*\*^*p* \< 0.01.](jvs-21-e33-g007){#F7}

DISCUSSION
==========

Identification of host factors involved in virus infection is crucial not only to elucidate the pathogenesis of viral infections but also to develop effective antiviral strategies. However, the relationships between BEFV proliferation and host molecules have not been fully elucidated. To further investigate the replication mechanism of BEFV, we conducted a preliminary analysis of mRNA expression of BHK-21 cells infected with BEFV using high-throughput sequencing technology. The results indicated that AnxA2 gene expression increased during BEFV infection. Furthermore, the observed up-regulated expression of the AnxA2 gene was verified by performing real-time qPCR; moreover, the expression of AnxA2 protein in treated cells was also examined by undertaking western blot analysis. The results demonstrated that the AnxA2 gene might play a part in BEFV infection.

AnxA2 is a lipid raft-associated scaffold protein and participates in many cellular functions \[[@B40]\]. The AnxA2 gene has been shown to be involved in the lifecycle of several epithelial cell-targeting viruses. For instance, during virus attachment and entry, AnxA2 and A2t are central mediators of Human Papilloma Virus (HPV) entry and intracellular transport \[[@B41]\]. In enterovirus 71 (EV71), AnxA2 has been authenticated as a cell surface adhesion factor. AnxA2 and EV71 co-localize at the cell surface, and the AnxA2 antibody or anti-AnxA2 antibody can reduce infectivity \[[@B42]\]. In addition, AnxA2 or A2t have a role in viral replication \[[@B18]\], including that of IAV \[[@B27]\], porcine reproductive and respiratory syndrome virus \[[@B43]\], and infectious bronchitis virus \[[@B44]\]. Furthermore, AnxA2 may promote the production of progeny virus particles during the viral assembly and release stage. For example, in the measles virus (MV), silence of the AnxA2 gene in cervical epithelial (HeLa) cells by shRNA results in reduced production of MV progeny particles but does not influence MV entry or RNA replication \[[@B18][@B40]\]. In HCV, it was reported that the replication complex was reduced by knock-down of AnxA2 expression, resulting in a remarkable decrease in intracellular and extracellular virus titers \[[@B26][@B45][@B46]\]. In support of the above-mentioned observations, the present study provides further evidence that BEFV maintains and promotes AnxA2 gene expression in order to accelerate the release of progeny virus particles. Furthermore, the progeny virus titer was significantly increased in overexpressed AnxA2 gene cell lines, whereas, the titer markedly decreased when the AnxA2 gene was transiently knocked down by siRNA. Nevertheless, since endogenous AnxA2 gene expression was increased during BEFV infection at different times, there is still much research needed to further elucidate the role of the AnxA2 gene in BEFV invasion and replication.

It has been reported that the M protein of VSV can promote virus assembly and release, mainly in an endosomal sorting complex required for transport (ESCRT)-dependent way. The late domains of M serve to recruit the ESCRT complexes during budding, and they facilitate the release of viral particles \[[@B8][@B47]\]. In this study, the M protein promoted BEFV proliferation, and it is presumed that M protein is beneficial to virus release. Nevertheless, whether the M proteins of *Rhabdoviridae* have similar characteristics is unknown. Furthermore, it is unknown whether the conserved motif of the BEFV M protein can also facilitate the release of viral particles; thus, further experimental investigation is required.

Given that both AnxA2 and M proteins could separately promote the generation of mature virus particles, we predicted that the AnxA2 protein had an effect on the M protein, thereby mediating their interactions, which participate in the assembly and budding of BEFV. A further mechanistic study showed that AnxA2 could interact with the M protein of the BEFV *in vitro*, and that interaction was confirmed by the GST pull-down and Co-IP results. Subsequently, their interaction may be related to the localization of AnxA2 and M when generating mature virus particles. In this study, the PM separation assay showed that AnxA2 affected the location of M on the cell membrane. In the presence of AnxA2, the localization of M on the cell membrane increased. However, the mechanism leading to a decrease of M localization on the cell membrane, or determination of how AnxA2 can increase the localization of M on the cell membrane should be studied further. Moreover, the co-immunoprecipitation analysis further indicated that the C-terminal domain (268--334 aa) of AxnA2 contributed to this protein-protein interaction. In addition to acting as a cytoskeletal- and membrane-related protein, there is growing evidence that AnxA2 may bind to viral RNA, which could happen in the 3′ UTR of AnxA2. The presence of RNA in the immunoprecipitates of the AnxA2 separated from HeLa cells indicates that AnxA2 forms a ribonucleoprotein complex *in vivo*, and the C-terminal of AnxA2 contains a key RNA-binding motif that is specific to AnxA2 \[[@B22]\]. It has been shown that AnxA2 combines with the framing signal in the 3′ non-coding region of c-myc mRNA \[[@B23][@B48]\]. In feline calicivirus (FCV), AnxA2 is associated with the genomic RNA of FCV and is necessary for efficient FCV proliferation \[[@B49]\]. AnxA2 and NS5B (the non-structural proteins of the hepatitis C virus) interact with diverse RNAs in ternary complexes of AnxA2:NS5B:RNA, influencing the life cycle of HCV \[[@B13]\]. In this study, AnxA2 protein interacted with M protein, and the interaction site on AnxA2 was its C-terminal. Thus, it is suspected that the interaction between AnxA2 and M is related to RNA and that interaction affects the localization of M on the cell membrane. Nevertheless, the above speculations need experimental verification.

In summary, our study has demonstrated that AnxA2 gene expression is up-regulated during BEFV infection and that both the AnxA2 and M genes can promote the generation of mature virus particles. Our mechanistic study showed that the AnxA2 protein interacts with the M protein and mediates the position of the M protein at the cell membrane. Moreover, the absence of the V domain of the AnxA2 gene reduces the generation of BEFV progeny virus particles. These findings contribute to furthering the understanding of BEFV infection, the associated mechanisms, the search for a new potential anti-BEFV strategy.

**Funding:** This study was partially supported by grants from the National Natural Science Fund of China (31872490, 31672556), the Primary Research & Development Plan of Shandong Province (2018GNC113011), and a fund earmarked for the Taishan Scholar Project (Hongbin He).

**Conflict of Interest:** The authors declare no conflicts of interest.

**Author Contributions:** **Formal analysis:** Chen L, Hou P, Li X.**Funding acquisition:** He H, Wang H.**Project administration:** He H, Hou P, Wang H.**Writing - original draft:** Chen L, Hou P.**Writing - review & editing:** Chen L, Hou P, Li X.
